Abstract Yogurt is a fermented dairy food produced by growth of lactic acid bacteria (LAB). Green tea is associated with beneficial health effects. Thus, the aim of this study was to evaluate the effects of green tea powder (GTP) on the fermentation and bioactive properties of yogurt. Yogurt was supplemented with 0-3% GTP (w/v), and effects on fermentation were determined. In addition, antioxidant and anti-inflammatory effects of GTP supplemented yogurts were determined in HT-29 colon cells. GTP (1-3%) supplementation significantly increased the acidification rate and growth of LAB during yogurt fermentation. Removal of free radicals and cellular H 2 O 2 , and an increase of antioxidant Nrf2 and HO-1 proteins were observed in the 1-3% GTP groups. Yogurt extracts with 0-3% GTP showed decreased expression of TNF-a and IL1b in cells. In summary, addition of GTP can enhance the beneficial health effects of yogurt by increasing its antioxidant activity, LAB growth and anti-inflammatory effects.
Introduction
Yogurt is one of the most widely consumed, fermented dairy products in the world, and produced by the coagulation of milk proteins during fermentation with lactic acid bacteria (LAB). Diverse LAB are utilized in yogurt production, including Lactobacillus acidophilus, Bifidobacterium longum, and Streptococcus thermophilus. LAB are known to exert beneficial effects on the human body by fostering a balanced intestinal microbiota, enhancing immunity, and reducing blood cholesterol levels [1] . Moreover, bioactive peptides are formed during yogurt fermentation [2] , some of which have been found to have antioxidant properties. Although the total antioxidant activity of yogurt is relatively low, purified peptide fractions exert more notable antioxidant effects [3] .
Tea (from Camellia sinensis) is the most consumed beverage worldwide. Consumption of tea provides many health benefits, including cholesterol reduction, protection against cardiovascular disease, and anticarcinogenic and anti-obesity effects [4] . These beneficial properties are primarily due to tea catechins, powerful phenolic antioxidants [5] . Epigallocatechin gallate (EGCG) is a particularly abundant green tea catechin, representing more than 50% of the total catechins in green tea leaves. Catechins from green tea have been reported to have anticancer, antiobesity, anti-atherosclerotic, antidiabetic, antibacterial, and antiviral effects, among other favorable impacts on health [6] .
Owing to such positive health effects, green tea has been widely used as a natural food additive. The addition of green tea extract to foods can improve flavor and shelf life and present a healthier image to consumers [7] . In addition, green tea has been reported to have an antimicrobial effect against pathogenic bacteria without killing LAB. This selective activity towards microorganisms can promote a balanced intestinal microbiota, similar to the effects of yogurt intake [8] . In fact, the influence of green tea on antioxidant and physicochemical properties during yogurt manufacturing has been reported previously. For example, addition of green tea extract was found to improve the antioxidant activity of yogurt, as measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, ferric reducing antioxidant power, and ferrous ion chelating assays [9] . Moreover, green tea extract has been shown to decrease yogurt syneresis over 21 days of storage [10] . However, previous studies have not tested the effect of green tea yogurt on living cells. Since yogurt is known to be beneficial to the digestive system, including the colon, it would be particularly informative to establish whether the addition of green tea enhances the health-promoting effects of yogurt on the colon.
Therefore, the goals of our study were: (1) to characterize the properties of green tea yogurt, such as microbiological and physicochemical qualities, and (2) to evaluate its biological activity with respect to colon cells, including cellular antioxidant effects. In this work, green tea powder (GTP) was used instead of green tea extract, as all green tea leaf components are preserved in the former and its properties make it suitable for use as a food additive.
Materials and methods

Yogurt preparation
Yogurt was produced using 1, 2, or 3% GTP originated from Jeju Island (Teazen, Anyang, Korea) (w/v). Non-fat milk (Seoul Dairy Cooperative, Seoul, Korea) (12%) was mixed with GTP before being pasteurized at 85°C for 30 min. Samples of milk were then cooled to 42°C and inoculated with 2% yogurt starter culture (v/v). Starter culture was prepared by incubation of a mixture with 100 mL 12% non-fat milk and 0.34 g yogurt starter culture powder (Samik Dairy and Food Co. Ltd., Seoul, Korea) for 5 h. The starter culture powder is mixed strains of L. acidophilus (35%), B. longum (30%), and S. thermophilus (35%). All inoculated milk samples were placed in an incubator at 42°C until they reached a pH of 4.5-4.6. Plain yogurt (as a control) was produced in the same manner but without addition of GTP. The yogurts were analyzed during fermentation (42°C; at 0, 2, 4, and 6 h) and storage (4°C; at 1, 7, 14, and 21 days).
Yogurt water extract preparation
The yogurt water extract was prepared as previously described [11] . The yogurts (10 g) were diluted with 2.5 mL sterile distilled water and homogenized at the highest speed possible (30,000 rpm) for 15 s (Benchmark Scientific, Edison, NJ, USA). Using a pH meter and 0.1 N HCl, the pH of the yogurts was then lowered to 4.0. The acidified yogurts were subsequently incubated in a water bath at 45°C for 10 min before being centrifuged at 50009g at 4°C for 10 min. The resulting supernatant was adjusted to pH 7.0 by adding 0.1 N NaOH and centrifuged again at 50009g at 4°C for 10 min. The clear supernatant obtained was stored at -20°C and used for analysis within 2 weeks.
Kinetic parameters and acidity measurement
Acidification kinetics were estimated by a previously described method [12] . The maximum acidification rate (V max ) was calculated based on the variation of pH over time (dpH/dt), expressed in pH units 9 10 -3 /min. At the end of fermentation, the following kinetic parameters were calculated: t max (h), the time taken to reach V max ; t pH5.0 (h), the time taken to reach pH 5.0; and t f (h), the time taken to complete fermentation. The pH of all yogurt samples was determined using a SevenEasy pH meter (Mettler-Toledo, Columbus, OH, USA). After mixing 10 g yogurt with 10 mL distilled water and titrating it to pH 8.3 using 0.1 N NaOH, titratable acidity (TA) was calculated as follows:
TA % ð Þ ¼ NaOH used mL ð Þ ½ Â0:009 conversion factor for lactic acid ð Þ sample weight g ð Þ = Â 100%:
Lactic acid bacteria counts
Total LAB counts in starter culture and fermented milk (0, 2, 4, and 6 h) were measured on bromocresol purple (BCP) plate count agar (MB cell, Seoul, Korea) after aerobic incubation at 37°C for 48 h. Strains such as L. acidophilus and S. thermophilus were counted using MRS (Difco Laboratories, Detroit, MI, USA) with bile salt (Oxoid, Basingstoke, UK) and M17 agar (Oxoid, Basingstoke, UK) plates, respectively after aerobic incubation at 37°C for 24 h. B. longum was enumerated on MRS with LiCl, sodium propionate, and L-cysteine (Sigma-Aldrich, St. Louis, MO, USA) after anaerobic incubation at 37°C for 24 h in anaerobic gas packs (Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan).
Measurement of syneresis
Yogurt syneresis was analyzed by the centrifugal acceleration test with minor modifications [13] . Yogurt (10 g) was centrifuged at 6009g for 6 min at 4°C. The clear serum having separated from the yogurt was then poured off and weighed. Syneresis is expressed as grams of whey lost. scavenging activity was then calculated as follows:
where Abs is absorbance at 734 nm. In a separate assay, samples of yogurt water extract (20 lL) were mixed with 180 lL DPPH (Sigma-Aldrich, St. Louis, MO, USA) reagent (0.1 mM; from a stock solution of 39.43 mg DPPH powder in 1 L ethanol) in a 96-well plate and incubated in the dark at room temperature for 30 min. A mixture of 20 lL ethanol and 180 lL DPPH reagent was used as a control. DPPH scavenging activity was then calculated as follows:
where Abs is absorbance at 515 nm.
Cell culture and treatment
Human colorectal cell line, HT-29 was originally obtained from ATCC (Manassas, VA, USA). Cells were maintained at 37°C in RPMI 1640 medium (Lonza, Walkersville, MD, USA) supplemented with 10% Fetal bovine serum (FBS) (Atlas Biologicals, Fort Collins, CO, USA) and penicillin/ streptomycin (Gibco, Grand Island, NY, USA) in a humidified atmosphere containing 5% CO 2 . Cells were grown to approximately 90% confluency and synchronized overnight in medium containing 1% FBS before initiating treatment. Cells were pretreated with yogurt extracts for 15 h before exposure to 1 lg/mL Escherichia coli O111:B4 lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO, USA) for 6 h to induce oxidative stress.
Detection of cellular oxidative stress
Cells were grown to confluency in 6-well plates, treated for 15 h with yogurt extract supplemented with 0, 1, 2, or 3% GTP (w/v), and exposed for 6 h to 1 lg/mL LPS. Cell lysate preparation, SDS-PAGE, and Western blot analysis
Cells were lysed in RIPA buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and a protease inhibitor mixture (2 lg/mL aprotinin, 10 lg/mL leupeptin, 1 lg/mL pepstatin A, 1 mM PMSF, 5 mM EDTA, 1 mM EGTA, 10 mM sodium fluoride, and 1 mM sodium orthovanadate). Lysed cells were centrifuged at 21,0009g for 10 min at 4°C and the resulting supernatants were collected. Protein concentrations were then determined using Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA). Proteins (30 lg per sample) were separated by SDS-PAGE and transferred onto nitrocellulose membranes, which were subsequently blocked with 3% non-fat milk buffer and incubated with a primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 3 h. After washing, the membranes were incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Bands were visualized using ECL detection reagents (Thermo Fisher scientific, Pittsburgh, PA, USA), and their intensities were quantified using ImageJ software and normalized to the housekeeping protein glyceraldehyde 3-phosphate (GAPDH).
Real-time PCR analysis
To examine gene expression of interleukin-1b (IL-1b) and tumor necrosis factor-a (TNF-a), cells were pretreated with yogurt extracts for 15 h, then stimulated with 1 lg/mL LPS for 12 h. Cells were cultured in 6-well plates and total RNA was extracted from the cells using TRIzol reagent (Ambion, Austin, TX, USA). The TOPscript RT DryMIX kit (Enzynomics, Daejeon, Korea) was used for reverse transcription. The levels of mRNA expression were estimated by real-time PCR using the Real-Time PCR System (Thermo Fisher Scientific, Pittsburgh, PA, USA) and 2 9 Real-Time PCR mix (SolGent, Daejeon, Korea). The thermal conditions were as follows: 95°C for 15 min, followed by 40 cycles of 95°C for 20 s and 58°C for 40 s, followed by 60°C for 30 s and a hold at 4°C. Relative quantification of mRNA expression was conducted by 
Results and discussion
Acidity measurements and acidification kinetics during fermentation
The pH and TA of GTP-supplemented yogurt were measured during fermentation. The pH of GTP-treated yogurt samples was markedly lower than that of control yogurt (0% GTP) [ Fig. 1(A) ]. Moreover, TA increased in both control yogurt and 1-3% GTP yogurt during fermentation [ Fig. 1(B) ], but was higher in the latter than in the former. These results are similar to those of previous studies in which yogurts supplemented with black tea or mulberry powder exhibited a faster acidification rate than control yogurts with no additives [14, 15] . To further study the effects of GTP on acidification during yogurt fermentation, acidification kinetics were examined. Addition of GTP significantly accelerated the yogurt fermentation rate (Table 1) . Yogurts supplemented with 1% GTP showed a twofold increase in V max , and t max was significantly reduced in the presence of 1-2% GTP. Moreover, t pH5.0 and t f were decreased by addition of GTP. These results indicate that GTP supplementation may significantly enhance the metabolic activity of LAB in yogurt, since acidity increased more rapidly in the GTP yogurts tested. In a previous report, the pH of milk fermented with herbs was found to decrease at a faster rate than that of the control owing to promotion of LAB metabolism [16] . However, the acidification rate and pH of 2-3% GTP yogurt were slightly lower than those of 1% GTP yogurt [ Fig. 1(A) and Table 1 ]. This was probably due to the buffering capacity of the organic acids and phenolic compounds in GTP. Such effects have also been reported in previous research, in which the acidification rate was seen to decrease with increasing additions of passion fruit peel powder during yogurt fermentation [17] . Our results indicate that supplementation with an appropriate amount of GTP may be useful in yogurt production, particularly for shortening fermentation time.
Growth of lactic acid bacteria
The viability of yogurt microbiota can be affected by many factors, including starter culture quantity and type, incubation time, and presence of available nutrients [18] . In the present study, the viability of LAB was measured during fermentation to observe the effect of GTP, as a potential prebiotic ingredient, on the yogurt microbiota (Fig. 2) . LAB counts in 1-3% GTP-supplemented yogurts were higher than those in the control yogurt, averaging 7.2-7.4 and 6.9 log CFU/mL, respectively, at the end of fermentation (after 6 h) [ Fig. 2(A) ]. Then, the prebiotic effect of GTP was investigated on each starter strain. During fermentation, the number of L. acidophilus, B. longum, and S. thermophilus increased by 0.35-0.64, 0.03-0.27, and 0.11-0.19 log CFU/mL, respectively, in GTP supplemented yogurts, compared to control [ Fig. 2(B-D) ]. Generally, green tea was known to have antimicrobial effects due to its catechin contents [19] . Catechin can inhibit bacteria growth through damaging cell membrane, inhibition of enzyme activity and decreased fatty acid synthesis [19] . On the other hand, others reported that phenolic compounds promoted the growth of probiotic bacteria. For example, Lactobacillus spp. counts in green tea extracttreated yogurt are increased by approximately twofold, compared to those in plain control yogurt [20] . The number of S. thermophilus cells is also significantly higher in yogurt supplemented with green tea extract than in untreated control yogurt [20] . In addition, addition of green tea extract to yogurts maintains S. thermophilus and Bifidobacterium levels during 21 days of cold storage [21] . Thus, based on these past results and our own, it seems that LAB growth is accelerated during fermentation and can be sustained during refrigeration by green tea components. The decreased pH and increased TA observed in the yogurts in the current work [ Fig. 1(A, B) ] therefore likely resulted from a higher rate of LAB population growth due to the addition of GTP during fermentation. The mechanisms associated with the promoting effects of GTP on the growth of probiotic bacteria is not clear. A possible explanation is that polyphenols in green tea have stimulatory influence to probiotic bacteria as reported previously [22] . Additionally, polyphenol metabolites generated by probiotic bacteria could modulate the oxidative stress, and provide an beneficial environment for the growth of probiotic bacteria [23] . Collectively, our data indicate that GTP can serve as a prebiotic ingredient during yogurt fermentation by promoting the growth of LAB and shorten fermentation time.
Syneresis
Syneresis, the emission of serum from the yogurt gel matrix, is an important parameter in the evaluation of yogurt quality. We therefore assessed the syneresis of GTP-supplemented yogurt by a centrifugal acceleration test. Syneresis increased in a GTP dose-dependent manner (Fig. 3) , and 2 and 3% GTP-treated yogurts demonstrated significantly higher levels of syneresis than the control yogurt (Fig. 3) . However, syneresis was not significantly affected by administration of 1% GTP (Fig. 3) . The increased syneresis of 2-3% GTP-supplemented yogurt noted was probably due to excessive quantities of green tea components, such as polyphenols. It has been reported that an overabundance of green tea polyphenols can induce syneresis by reducing the gel matrix that confines the yogurt serum [10] . Therefore, based on our data, supplementation of yogurt with GTP at a concentration of 1% would be most suitable in order to maintain the gel matrix.
Radical scavenging activity
Green tea is rich in phenolic compounds such as EGCG. These compounds exert antioxidant effects through their ability to donate an electron or a hydrogen atom [24] . To evaluate the antioxidant activity of GTP yogurts, both ABTS and DPPH radical scavenging tests were conducted during a 21-day storage period (Fig. 4) . Extracts of 1-3% GTP yogurts exhibited significantly higher radical scavenging potential than those of non-supplemented control yogurts over this period (Fig. 4) . Both ABTS and DPPH assays indicated similarly strong radical scavenging effects. Previous studies have also reported that yogurt supplemented with additives containing phenolic compounds (e.g., cinnamon and pomegranate) demonstrates enhanced antioxidant activity [25, 26] . In our study, the ABTS scavenging activity of the control yogurt, although lower than that of the GTP yogurt, was nevertheless around 50% [ Fig. 4(A) ]. This was likely due to the antioxidant properties of metabolites (e.g., polypeptides, peptides, and amino acids) produced during fermentation by LAB. Indeed, this effect has been demonstrated in a prior study, in which the antioxidant activity of yogurt was found to increase due to production of peptides by LAB during fermentation [27] . Therefore, the antioxidant activity of green tea yogurts is considered to derive from both the phenolic compounds present in green tea and the metabolites generated by LAB [28] . In summary, supplementation with GTP enhances antioxidant properties by increasing both the phenol content and LAB population of yogurt.
Cellular antioxidant activity
Oxidative stress is linked to diseases of the human colon, including inflammatory bowel diseases and colorectal cancers [29] . To assess the antioxidant effects of GTP yogurt on human cells, levels of intracellular ROS (e.g., H 2 O 2 ) in HT-29 colorectal cells were measured using the dye DCFDA, which generates a fluorescent compound upon reaction with H 2 O 2 inside cells [ Fig. 5(A) ]. It has been reported that green tea possesses direct ROS scavenging activity [30] ; however, little is known of the antioxidant effect of green tea yogurt on human colon cells.
To measure the ROS scavenging activity of GTP yogurt extracts, HT-29 cells were pretreated with such extracts for 15 h, before being stimulated with 1 lg/mL LPS for 6 h to intentionally trigger intracellular ROS production. LPS is a component of gram-negative bacteria and known to increase cellular oxidative stress and inflammatory responses [31] . In the present investigation, ROS (H 2 O 2 ) production was increased in LPS-treated cells, as shown in Fig. 5(A) . However, LPS-induced H 2 O 2 production was significantly lower in cells pretreated with GTP yogurt To identify the intracellular mechanisms responsible for these findings, the expression of antioxidant proteins was measured. Nrf2, an antioxidant transcription factor, plays a major role in the reduction of cellular oxidative stress. Upon binding of this transcription factor to antioxidant response elements in its target genes in the nucleus, several antioxidant enzymes are transcriptionally activated, including HO-1 [32] . Therefore, in the present study, the expression of Nrf2 and HO-1 proteins in HT-29 cells treated for 15 h with yogurt extracts supplemented with 0, 1, 2, or 3% GTP was tested by Western blotting. GTP increased Nrf2 and HO-1 expression in a dose-dependent manner [ Fig. 5(B) ]. Moreover, our results indicated that the components of GTP were responsible for such altered expression, as extracts of control yogurt did not significantly increase levels of these proteins. According to previous reports, EGCG, the most abundant compound in green tea, is responsible for this increased antioxidant protein expression. For example, treatment of cells with EGCG results in increased nuclear translocation and expression of Nrf2 and HO-1 in human mammary epithelial cells [33] . Taken together, these results suggest that yogurt extract supplemented with GTP can suppress ROS production through increased expression of the antioxidant proteins Nrf2 and HO-1 in human colon cells.
Since antioxidant effect is normally linked to anti-inflammatory effect, the level of mRNA for pro-inflammatory cytokine was measured using quantitative real-time PCR technique. LPS was used to induce inflammatory responses in HT-29 cells. Treatment of cells to LPS increased mRNA levels of IL-1b and TNF-a in HT-29 cells [ Fig. 5(C) ]. However, pretreatment of cells to yogurt extracts significantly decreased LPS-induced expression of IL-1b and TNF-a, in GTP concentration-dependent manner [ Fig. 5(C) ]. In general, LPS binds to toll-like receptor4 which normally results in activation of inflammatory response through mitogen-activated protein kinases and NF-jB pathway. These cellular events lead to the production of pro-inflammatory cytokines such as TNF-a and IL-1b [34] . However, in an alternative pathway, LPS can induce cellular inflammation such as expression of TNF-a and IL-1b by producing ROS upon activation of NADPH oxidase [35] . In the same context, control yogurt was able to lower LPS-induced ROS production and upregulated antioxidant proteins (Nrf2 and HO-1) . The supplementation of GTP during yogurt fermentation further provided these positive cellular effects as shown in the current study. As a result, the anti-inflammatory properties of GTP yogurt were due to the decreased ROS generation, the increase of antioxidant proteins (i.e., Nrf2 and HO-1) and the subsequent decrease of proinflammatory cytokines (i.e., TNF-a and IL-1b).
